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Fig. 2.4: Brain activation measured using fMRI during hand movements in front of the mirror, ex-
ecuted movements and motion imagination for amputees with phantom limb pain (PLP), amputees
without phantom limb pain (non-PLP) and controls (HC). (excerpt from [67])
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3.2
3.2.1
VR Fig. 3.2 [115]
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Oculus VR Oculus Rift
32 3 VR
Fig. 3.2: VR rehabilitation system overview [115] c©2015 IEEE
3.2.2
Kinect ver.1 Kinect RGB
Kinect
30fps frame per rate
Kinect for Windows SDK Microsoft Adaptive double exponential
smoothing filter [116] Kinect
CyberGloveII CyberGloveII
18 1
3.2 33
3.2.3
Fig. 3.3 Unity Unity Technologies
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Fig. 3.3: Reaching action during VR rehabilitation
3.3
Table 3.1 McGill
Short-Form. McGill Pain Questionnaire: SH-MPQ [33] VR
VR
15 0
1 2 3 4
[33] VR
[27]
SH-MPQ
Fig. 3.4
3.4
1
1 VR 1 1
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Table 3.1: Short-Form. McGill Pain Questionnaire [33]
No. Category Pain nature Pain nature (Japanese)
1 Sensory Throbbing
2 Shooting
3 Stabbing
4 Sharp
5 Cramping
6 Gnawing
7 Hot-burning
8 Aching
9 Heavy
10 Tender
11 Splitting
12 Affective Tiring-exhausting
13 Sickening
14 Fearful
15 Punishing-cruel
2 7
8 9
8 9 3
3.5
3.5.1
6 Table 3.2
5 brachial plexus avulsionl: BPA 1 Arm
amputation: AA
5 1
6 36 Fig. 3.5
VR
36 3 VR
Fig. 3.4: Evaluation of pain intensity and sense of reality
4 2 2
1 t 0%
1 2 Fisher
intraclass correlation coefficient: ICC ICC 0.7
VR distraction
1 2 1 2
t distraction VR
VR
1 2
3.5 37
Table 3.2: Participants. BPA: Brachial plexus avulsion, AA: Arm amputation.
No. Affected Sex Age Duration Medical
hand (years) details
P1 Left Male 53 36 BPA
P2 Right Male 54 20 BPA
P3 Right Male 47 14 BPA
P4 Right Male 75 9 AA
P5 Right Male 46 21 BPA
P6 Right Male 56 6 BPA
Fig. 3.5: VR rehabilitation executed by a patient with phantom limb pain
distraction
VR
VR
VR VR
38 3 VR
3.5.2
Fig. 3.6 6 2 50.2%
1 t 0% p < 0.001 [119]
2 38% [49]
1 2 ICC = 0.737
distraction 1 55.9% 2 44.6% 11.3%
p = 0.225 > 0.05
VR
       
	 
   






  	  
 


 
  !"#$
Fig. 3.6: Result of evaluating relief effect of phantom limb pain [119] c©2015 IEEE
3.5.3
VR 50.2%
p < 0.001
2 ICC = 0.737
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1 60 8 6 5
44 4
Wilcher et al. [110]
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4F442 TA7291P TOSHIBA
Arduino Uno Arduino
150msec [120]
Fig. 4.1: Tactile stimulation device with vibration motors
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Table 4.1 7 6
brachial plexus avulsion: BPA 1 arm amputation: AA
4.3 45
4
internal nerve transfer
5 5
referred sensation
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Fig. 4.2: Tactile stimulation setup on an intact hand.
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VR
6.1
2.8 Diers et al. non-PLP
HC S1, M1
[67]
Diers et al. 2
•
•
6.2 6.3 VR 6.4
VR 6.5 VR EEG
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6.2
[142]
bimanual coupling effect
[143]
bimanual circles-lines coordination task BCT
ovalization index
[144–146]
[147] Generalized motor program GMP
GMP
[148] GMP
intermanual crosstalk model
Intermanual crosstalk model
BCT
6.2.1
BCT
Table 6.1 9 numerical rating scale NRS [27]
BCT
= /
6.2 75
BCT
Bimanual
PC MATLAB
BCT
Unimanual
Bimanual Unimanual
NRS SPSS
version 17.0 SPSS, Chicago, IL, USA p < 0.05
Bimanual / Mann-Whitney
U BCT
Table 6.1: Participants of BCT measurement.
Subject Sex Age Affected Handedness Disease Type Intercostal Part
duration (year) of BPI nerve transfer of PLP
P1 Male 53 Left Right 36 incomplete - Hand
P2 Male 54 Right Right 20 complete + Hand
P3 Male 46 Right Right 21 complete + Hand
P4 Male 56 Right Right 6 complete - Arm
P5 Male 47 Right Right 14 complete + Hand
P6 Female 64 Left Right 8 complete + Arm, hand
P7 Male 51 Right Right 13 complete + Shoulder, arm, hand
P8 Male 49 Left Right 26 complete + Hand
P9 Male 42 Left Right 8 incomplete + Forearm, hand
6.2.2
BCT Unimanual 6.01 ± 1.92 Bimanual 8.05 ± 1.85
Bimanual p < 0.01 BCT
Bimanual Unimanual Fig. 6.2
NRS r = −0.66 p < 0.05
Bimanual BCT
2.23 ± 1.41 1.89 ± 1.88
6.2.3
Bimanual Unimanual
/
76 6
Tablet PC
Drawing  circles 
with phantom limb 
Drawing  vertical 
lines with intact 
hand
	



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Fig. 6.1: Bimanual circles-lines coordination task (BCT)
Bimanual Unimanual
Bimanual coupling effect
BCT
5
p < 0.01 Cole et al. [98]
6.3 VR 77
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Fig. 6.2: Results of bimanual circles-lines coordination task. (a) Relationship between phantom
limb pain and ovalization index in BCT. (b) Typical waveform of vertical lines in BCT
6.3 VR
BCT
VR [149]
6.3.1
VR BCT VR
BCT VR 4
78 6
FB VR FB VR
Table 6.2
VR numerical
rating scale NRS [27] McGill
Short-Form. McGill Pain Questionnaire: SH-MPQ [32]
VR SH-MPQ NRS Wilcoxon
VR
Cohen r effect size [150, 151]
r > 0.5
SH-MPQ NRS Spearman
Table 6.2: Participants of BCT measurement before/after VR rehabilitation.
Subject Sex Age Affected Disease Type Intercostal Part Referred
duration (year) of BPI nerve transfer of PLP sensation
P1 Male 54 Right 20 Complete + Hand -
P2 Male 56 Right 6 Complete - Arm -
P3 Male 46 Right 21 Complete + Hand + (Cheek)
P4 Female 64 Left 8 Complete + Arm, hand + (Shoulder)
P5 Male 54 Right 30 Complete + Arm, hand -
P6 Male 43 Right 26 Complete + Hand -
P7 Male 47 Right 14 Complete + Hand -
P8 Male 53 Left 36 Incomplete - Hand + (Cheek)
6.3.2
SH-MPQ VR 8.3 ± 7.6 VR
2.5 ± 3.2 61.5 ± 48.5% p = 0.015 < 0.05
NRS VR 5.2± 2.4 VR 3.0± 2.1,
39.1 ± 28.4% p = 0.015 < 0.05 VR
SH-MPQ effect size 0.84 VR NRS
0.85 > 0.5
VR 1.7 ± 1.1 VR 4.1 ± 2.2
VR p = 0.023 < 0.05 VR
0.79 > 0.5
Fig. 6.3 VR BCT
VR VR
Fig. 6.5 SH-MPQ NRS
SH-MPQ
6.3 VR 79
r = −0.67 p = 0.002 < 0.01 NRS
r = −0.48 p = 0.03 < 0.05 SH-MPQ VR
r = −0.65 p = 0.03 < 0.05 NRS VR
r = −0.43 p = 0.13
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Fig. 6.3: Results of bimanual circles-lines coordination task before and after VR rehabilitation
6.3.3
VR SH-MPQ/NRS VR
VR
VR bimanual coupling
effect VR SH-MPQ/NRS
r = −0.67 r = −0.48
VR
BCT
[152, 153]
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Fig. 6.4: Phantom limb pain before and after VR rehabilitation
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Fig. 6.6: Elbow angle of participant. The elbow angle of a participant was defined as the angle
between an elbow-shoulder vector and an elbow-wrist vector. Correlation between elbow angles
of real intact and affected arms was calculated.
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Fig. 6.7: Elbow angle [122]. a: Waveforms of elbow angles of intact and affected arms. b: Simi-
larity between elbow angles of intact and affected arms. c: Average of all participants’ similarities
between elbow angles of intact and affected arms.
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